plant spacing arrangement decreases plant-plant spacing competition for available water, nutrients, and light and enhances radiation interception and biomass production (Andrade et al., 2002) . However, studies of narrow-row corn production (typically 22, 20, and 15 inches) have produced mixed results regarding the grain yield response (Andrade et al., 2002; Van Roekel and Coulter, 2012) . Some of the inconsistency may be related to latitude, with narrow rows in northern Corn Belt environments exhibiting the largest yield increases (2-3% or more) over 30-inch rows (Lee, 2006) . This advantage diminishes moving southward, with little or no yield advantages for narrow rows in the central Corn Belt. The results of a Michigan study (Widdicombe and Thelen, 2002) showed that corn grain yields increased by 2 and 4% when row width was narrowed from 30 to 22 and 15 inches, respectively. In southern Minnesota, there have been varied results from narrow-row research in regard to yield, with Porter et al. (1997) reporting a 7% grain yield increase in 10-or 20-inch rows compared with 30-inch rows and Van Roekel and Coulter (2012) reporting no difference in yield between 20-or 30-inch row spacing. The yield advantage of narrow rows over 30-inch row spacing has been smaller and less consistent in university research from central Corn Belt states (Lee, 2006) .
The application of foliar fungicides has been widely adopted by corn growers, especially those seeking to optimize grain yields (Munkvold et al., 2008) . These fungicides can reduce the severity of foliar disease injury to the upper canopy, especially gray leaf spot caused by Cercsopora zeae-maydis and northern corn leaf blight caused by Exserohilum turcicum. The upper canopy is critical for maintaining photosynthate production during grain filling. Foliar fungicides are also applied when disease pressure is negligible. In the absence of foliar diseases, strobilurin fungicides may affect physiological processes that may increase corn yields. Increased grain yield may be related to plant health benefits associated with greater water and N use efficiency (Ruske et al., 2003) , increased antioxidant activity (Wu and Von Tiedemann, 2002) , prolonged canopy greenness, and reduced stalk lodging of corn at harvest (Venancio et al., 2003; Mahoney et al., 2015; Mallowa et al., 2015) . Mallowa et al. (2015) found that under low disease severity conditions, fungicide application increased yields by 5 to 6% in a recent multistate study. However, yield increases as a result of the physiological benefits of plant health were not consistent when disease pressure was negligible.
Foliar N applications are not widely used in corn production. Past studies evaluating foliar N effects on corn yield indicate little or no response to foliar N (Below et al., 1984; Giskin and Efron, 1986; Ippersiel et al., 1989) . However, some corn growers are including foliar N as an additive to foliar fungicide applications at pollination to optimize yield. Nelson et al. (2015) reported yield increases associated with pyraclostrobin [methyl N-(2-[(1-[4-chlorophenyl] pyrazol-3-yl) oxymethyl]phenyl)-N-methoxycarbamate] combined with a foliar N application at anthesis in high-yielding environments. However, Shetley et al. (2015) found no evidence of synergistic responses in an evaluation of common foliar fertilizers applied with and without pyraclostrobin.
In high-yielding corn production systems, which are often characterized by high plant populations and narrow row spacing, competition among plants for nutrients, soil moisture, and solar radiation may alter how plants respond to stress conditions compared with lower densities and wider row spacing. Dense, rapidly developing canopies may promote the development of foliar disease. Because corn in high-yielding production systems may experience different growing conditions from those in alternative systems, foliar applications of fungicide and N may facilitate foliar N uptake and assimilation at the VT-R1 stages, a peak demand time in corn growth and development.
Although past research studies concerning the effects of foliar fungicide and foliar fertilizer application, as well as narrow row width, on corn yield are available in the literature, little is known about the impact of these foliar applications used in narrow row spacings. The objectives of this study were to determine if disease incidence and N demands increase in plants grown in narrow-row systems compared with conventional row spacing, and if intensive management involving the application of foliar N at the R1 stage with or without a fungicide can help protect grain yield in narrow-row systems. Table 1 .
Prior to planting, fields were tilled in the fall and spring with a chisel plow and disk, respectively. At WARS, 180 lb N acre -1 was applied as anhydrous ammonia (82-0-0 N-P-K) prior to planting each year. Planting occurred on 24 May 2016, 2 June 2017, and 9 May 2018. At NWARS, 200 lb N acre -1 was applied as urea-ammonium nitrate (28-0-0 N-P-K), which was surface broadcast in 2016 and incorporated prior to planting in 2017 and 2018. Planting was completed on 20, 26, and 10 May in 2016, 2017, and 2018, respectively. the rates of preplanting N were within the agronomic optimum N rates for each site as determined by the corn N rate calculator (Iowa State University, Ames, IA; http://cnrc.agron.iastate.edu/, accessed 13 Nov. 2019). A seeding rate of 35,000 seeds acre -1 was used at each site with a seeding depth of 2 inches. Insect and weed pests were managed each year according to recommended agronomic practices (Thomison et al., 2017) .
Experimental Procedures at WARS and NWARS
A split-plot randomized complete block design with four replications of the whole-plot factor was implemented in each site-year. The whole-plot factor was row spacing (30-inch rows or 15-inch rows). The subplot factor was the combination of hybrid and foliar treatment at the R1 growth stage (Abendroth et al., 2011) . Each subplot contained either four 30-inch rows or seven 15-inch rows, and the center two or three rows were used for measurements throughout the season in the 30-and 15-inch plots, respectively. The plot length was 40 ft at WARS each year and 75 ft at NWARS.
The hybrid brand products used were 'P0843AM' and 'P0825AM' (Dupont Pioneer, Johnston, IA). These were selected because of their similar comparative relative maturity (108 days) but varied ratings for foliar disease in company literature. The foliar application treatments were: (i) an untreated control, (ii) an N fertilizer applied at 5.9 lb N acre -1 (Coron 28-0-0 AG, Helena Chemical, Collierville, TN), (iii) an application of the fungicide picoxystrobin [methyl (E)-3methoxy-2-(2-[(6-[trifluoro methyl]pyri din-2-yl)oxy methyl] phenyl)prop-2-enoate] + cyproconazole [2-(4-chloro phenyl)-3-cyclo propyl-1-(1,2,4-triazol-1-yl)butan-2-ol] at a rate of 1.43 + 0.57 oz a.i. acre -1 (6.8 fl oz acre -1 of the product, Aproach Prima, Dupont de Nemours, Wilmington, DE), or (iv) a combination of foliar N (5.9 lb N acre -1 ) and picoxystrobin + cyproconazole (1.43 + 0.57 oz a.i. acre -1 ). All foliar applications were made with high clearance sprayers equipped with a 120-inch boom at 20 gallons acre -1 , 40 psi pressure. At NWARS, the application was made with AI11003-VS nozzles Prior to foliar applications at the R1 stage, each plot was evaluated for a disease severity composite measure (Mallowa et al., 2015) and leaf color. The primary ear-leaf and first leaf below the primary ear-leaf were visually assessed on 20 consecutive plants from the center of each plot for disease presence and severity by quantifying the percentage of leaf area covered by lesions of all present foliar diseases. Each leaf was quantified for percentage of leaf area affected by total foliar disease. The most prevalent diseases in 2016 were gray leaf spot and northern corn leaf blight. In 2017, common rust (caused by Puccinia sorghi) and gray leaf spot were most evident; in 2018, it was mostly gray leaf spot. The same 20 earleaves were sampled (one reading per leaf, taken one third of the total leaf length away from the stalk) with a SPAD 502c meter (Konica Minolta, Ramsey, NJ) for leaf color assessment.
In addition to the measurements above, ear-leaf N content was quantified in the untreated and foliar N treatments only. Ten ear-leaves were sampled per plot and measured for total N content via the total combustion method (AOAC, 2006) at the time of application; an additional 10 leaves were tested 14 days after application. All plots were harvested mechanically with an 8-XP combine (Kincaid, Haven, KS) equipped with a custom narrow-row header (the center two rows in 30-inch plots and the center five rows in 15-inch plots) after the R6 stage. Grain moisture was measured, and the reported yields have been adjusted to 15.5% moisture content.
Statistical Analysis
All data were analyzed via the GLIMMIX procedure in SAS version 9.4. Row spacing, hybrid, and foliar application were treated as fixed factors. Site, year, site × year interaction, replication nested within site-year and the whole-plot error term [row spacing × replication(site-year)] were specified as random factors. Disease severity ratings were arcsine square-root transformed prior to analysis to improve normality. Nontransformed means with transformed statistical interpretations are presented. Because removal of the ear-leaf can reduce per-plant yield by 17 to 25% (Subedi and Ma, 2005) , only the untreated and foliar N treatments were compared with one another, as only these treatments were subjected to the removal of 20 ear-leaves for plant N analysis. Separate comparisons were made to assess the effect of adding foliar N in the event that all plots were treated with a fungicide. When the global F-test was significant (α = 0.05), means were separated via the LSMEANS procedure.
In the fall of 2018, pricing for the foliar N and fungicide products and custom application fees were collected from at least three suppliers to conduct a partial economic assessment related to the yield break-even to offset the cost of application for corn pricing at $3.80 bu -1 (Ward et al., 2019) . A grain drying discount of $0.02 bu -1 was applied in half percentage point increments exceeding a moisture of 15.5% (15.6-16.0% grain moisture was discounted at $0.02 bu -1 , 16.1-16.5% moisture was discounted at $0.04 bu -1 , etc.). Partial return was calculated as the price received from grain yield at 15.5% moisture minus the drying discount and the cost of foliar treatment. 
Growing Conditions
Weather conditions were generally favorable for corn production at each experimental site. Growing season temperatures were near the 36-year average in 2017 at WARS and slightly above average for WARS in 2016 and 2018 and at NWARS for 2016-2017 (data not shown). Precipitation was near the average at WARS (2.2 inches above average in 2017, and 0.5 and 0.6 inches below average in 2016 and 2018, respectively) and was more variable at NWARS (Table 2) . At NWARS, precipitation was 6.0 inches above the average in 2017, 2.7 inches below average in 2016, and 2.3 inches below average in 2018.
Effect of Foliar N in Narrow Rows Without a Fungicide
The interactions of row spacing × hybrid and hybrid × foliar application were nonsignificant for most parameters examined (Table 3 ), suggesting similar hybrid responses to each management practice. The row spacing × hybrid interaction for SPAD value 14 days after application was caused by P0843AM exhibiting a greater value (54.5) when grown in 15-inch rows than in 30-inch rows (52.9), whereas P0825AM was unchanged with row spacing (51.1). More red light penetrating the canopy as a result of more even plant distribution may have increased the chlorophyll a/b ratio in chloroplasts for this hybrid, leading to greener pigmentation (Taiz et al., 2015) . Increased N uptake may also improve chlorophyll content but row spacing did not impact ear-leaf N content on the same date (Table 3) .
Hybrid differences were evident for almost every parameter measured (Table 4 ), in that P0843AM exhibited less foliar disease than P0825AM and greater ear-leaf N concentrations and SPAD values than P0825AM. Although growing conditions were favorable for foliar diseases in some site-years (Table  2) , all infections were less than 6%, suggesting that disease severity at the R1 stage and during early grain filling was limited. Although statistically different, ear-leaf N at the R1 stage was within the normal sufficiency range (2.90-3.50%) for each hybrid (Vitosh et al., 1995) . Despite having less disease and greater ear-leaf N content, P0843AM exhibited less yield than P0825AM, suggesting that other factors may have influenced yield production.
Foliar N increased yield only in the narrow-row treatments (a 5.8 bu acre -1 increase) ( Table 3 and Table 5 ). This yield gain was marginally greater than the yield gain needed to offset the cost of application if expecting a corn marketing price of $3.80 bu -1 (a 5.3 bu acre -1 yield increase is needed to offset the cost of product and application). Partial returns were unaffected at the 15-inch row spacing but were reduced with the foliar N treatment at the 30-inch spacing. Previous research (Shetley et al., 2015) indicated that a similar foliar N application increased grain yield at 30-inch row spacing.
Effect of Foliar N in Narrow Rows with a Fungicide
Corn in 15-inch rows had greater SPAD values than those in 30-inch rows (53.6 vs. 52.1, respectively) at the time of application (Table 6) , which again may be attributed to altered chlorophyll a/b ratios in leaf tissue as a result of altered light distribution (Taiz et al., 2015) . However, both hybrids had SPAD values near those reported for sufficient N application collected at the R3 (Barbieri et al., 2013) or R5 (Piekielek et al., 1995) stages. The hybrid P0843AM exhibited less foliar disease than P0825AM and greater SPAD than P0825AM (Table 7) . Disease incidence was low (<6%) across years, suggesting limited disease severity at the R1 stage and during early grain filling. Grain yield and partial returns were greater for P0825AM than for P0843AM, suggesting that other factors may have influenced yield production.
The inclusion of foliar N with the fungicide increased disease severity after application for both the ear-leaf as well as the leaf directly below the primary ear-leaf (Table 8) ; however, all ratings were less than 6% leaf surface coverage. Past research (Caldwell et al., 2002) has indicated that N application may increase the severity of gray leaf spot without incurring a yield reduction. This is consistent with what was observed in this study: N increased GLS in corn treated with fungicide but this did not reduce yield. Application of N fertilizer can decrease severity of northern corn leaf blight (Huber and Watson, 1974; Karlen et al., 1973) , although the N supplied as nitrate can increase the rust disease reaction in wheat (Triticum aestivum L.) (Huber and Watson, 1974) . This also did not impact grain yield (Table 8) , whereas the inclusion of foliar N with a fungicide did not affect yield in 15-inch rows but increased yield by 8.9 bu (3.8%) in 30-inch rows (P = 0.057). This exceeded the yield gain needed to offset the cost of the additional N product at $3.80 bu -1 corn (2.9 bu acre -1 yield gain). Partial returns were not statistically different for the row spacing × foliar treatment interaction.
Conclusions
These results suggest that corn grown at 15-row spacing may benefit from a foliar N treatment in the absence of a fungicide but the receipts from the yield gained may be similar to the cost of application. In the presence of a fungicide, corn at the 30-inch row spacing was more responsive to foliar N than corn at the 15-inch spacing. The yield differences from the inclusion of N or fungicide may offset or slightly exceed the cost of application but profitability will vary depending on the expected grain price, the cost of inputs, and application costs. Although two hybrids with varied disease resistance were evaluated in a single plant population, additional hybrids at multiple populations should be considered in future assessments. Future evaluation under reduced tillage and more intensive corn rotations should be conducted to assess these practices in environments with greater disease incidence. Table 8 . Interactive effects of treatment (fungicide vs. fungicide + foliar N) and row spacing on yield, moisture, and partial return. Different lowercase letters within a column denote the means are different for the interaction. Different uppercase letters within a column denote the means for the treatment effect are significantly different across row spacings. The absence of letters within a column denotes the Global F-test was not significant. 
